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ABSTRACT. Recent experiments have established previously predicted LaH10 as the highest-
temperature superconductor, with TC up to 250-260 K [1]. In this work we explore the high-
pressure phase stability and superconductivity of lanthanum hydrides LaHm. We predict the 
stability of a hitherto unreported polyhydride 𝑃 6 𝑚𝑚𝑚⁄ -LaH16 at pressures above 150 GPa; at 
200 GPa its predicted superconducting TC is 156 K, critical field μ0HC(0) ~ 35 T and 
superconducting gap is up to 35 meV. We revisit the superconductivity of LaH10 and find its TC 
to be up to 259 K at 170 GPa from solving the Eliashberg equation and 271 K from solving the 
gap equation in SCDFT, which also allowed us to compute the Coulomb pseudopotential μ* for 
LaH10 and LaH16. The presence of several polymorphic modifications of LaH10 may explain the 
variety in its measured TC values [1,2].  
Introduction 
Recently, superhydrides of various elements attracted a great attention: they were first 
predicted and then experimentally proven to exhibit a record high-temperature superconductivity 
under a high pressure. According to the Bardeen-Cooper-Schrieffer (BCS) theory, the metallic 
hydrogen is expected to be a high-TC superconductor [3–6], yet the pressure needed for its 
formation is too high (~ 500 GPa) [7]. Ashcroft proposed to stabilize states similar to metallic 
hydrogen at lower pressures by creating hydrogen-rich hydrides, where the hydrogen atoms 
experience an additional “chemical” pressure [8]. Following this, many theoretical predictions of 
remarkable superconductors (HTSC) were made, e.g., in Ca-H [9], Y-H [10], H-S [11], Th-
H [12], Ac-H [13], and La-H [10] systems. In all these systems, the high-TC superconductors 
have unusual chemical compositions, e.g., H3S, LaH10, CaH6. The formation of such compounds, 
violating the rules of classical chemistry, commonly takes place under pressure [15]. 
The first experimental proof was obtained for H3S with measured TC = 203 K at 155 GPa [16] 
(the predicted value was 191-204 K at 200 GPa [11]). The confidence in such predictions has 
greatly increased because of their agreement with the observations, and stimulated a wave of 
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theoretical studies of superconductivity in hydrides [10,12,13,16–29]. The recent theoretical 
work on La-H and Y-H systems [10] under pressure showed that LaH10 and YH10 at 300 GPa 
may display the room-temperature superconductivity (at 286-326 K). According to that 
theoretical study, at pressures below 200 GPa LaH10 has the 𝑅3̅𝑚 symmetry, changing to 𝐹𝑚3̅𝑚 
at higher pressures. In the experiments by Geballe et al. [20], 𝑅3̅𝑚-LaH10 was found at ≤ 160-
170 GPa, while 𝐹𝑚3̅𝑚-LaH10 was found at higher pressures. The experimentally observed sharp 
drop in resistivity in LaH10 samples was the first evidence of superconductivity in this 
system [1,2]. Different studies showed a series of superconducting-like transitions with TC of 70 
and 112 K [1], 210-215 K [1], 244-250 K [1,2] and 260-280 K [1]. This discrepancy in TC values 
may be caused by the coexistence of lanthanum hydrides having different compositions and 
crystal structures in the studied samples. To address these questions, we predicted the stable 
compounds in the La-H system using the variable-composition evolutionary algorithm 
USPEX [30–32]. While most calculations report only Tc (computed under assumption of μ* 
being in the range 0.1-0.15), here we obtain Tc using different approaches including 
superconducting DFT (which requires no assumption of μ*), and also compute other properties, 
such as critical magnetic field, which can be computed with experiment [1].  
 
Computational details 
The evolutionary algorithm USPEX [30–32] is a powerful tool for predicting 
thermodynamically stable compounds of given elements. To predict thermodynamically stable 
phases in the La-H system, we performed variable-composition crystal structure searches at 
pressures from 50 to 200 GPa. The first generation of 100 structures was created using a random 
symmetric [32] and topological structure generators [33] with the number of atoms in the 
primitive unit cell ranging from 8 to 16, while the subsequent generations contained 20% of 
random structures, and the rest 80% of structures were created using the heredity, softmutation 
and transmutation operators. Here, the evolutionary searches were combined with structure 
relaxations using the density functional theory (DFT) [34, 35] within the generalized gradient 
approximation (the Perdew-Burke-Ernzerhof functional) [36], and the projector-augmented wave 
method [37, 38] as implemented in the VASP package [39–41]. The plane wave kinetic energy 
cutoff was set to 500 eV and the Brillouin zone was sampled by Γ-centered k-points meshes with 
resolution 2π×0.05 Å−1. This methodology was used and proved to be very effective in our 
previous works (e.g., [12–14]).  
The calculations of critical temperature and electron-phonon coupling (EPC) parameters were 
carried out using Quantum ESPRESSO (QE) package [42] within the density-functional 
perturbation theory [43], employing the plane-wave pseudopotential method and Perdew-Burke-
Ernzerhof exchange-correlation functional [36]. Convergence tests showed that 90 Ry is a 
suitable kinetic energy cutoff for the plane wave basis set. Electronic band structures along with 
phonon densities of states were calculated using both VASP (finite displacement method using 
PHONOPY [44, 45]) and QE (density-functional perturbation theory [43]), which demonstrated 
good consistency. 
In our calculations of the EPC parameter λ, the first Brillouin zone was sampled using a 
4×4×4 q-points mesh and a denser 16×16×16 k-points mesh (with the Gaussian smearing and 
σ = 0.02 Ry, which approximates the zero-width limits in the calculation of λ).  
The critical temperature was calculated from the Eliashberg equation [46] which is based on 
the Fröhlich Hamiltonian )ˆˆ(ˆˆˆˆˆ ,,
,,
,
, jqjqkqk
jqk
jq
kqkphe bbccgHHH +++=
+
−
+
++ , where с+, b+ are creation 
operators of electrons and phonons, respectively. The matrix elements of the electron-phonon 
interaction 𝑔𝑘+𝑞,𝑘
𝑞,𝑗
 were calculated within the harmonic approximation in Quantum ESPRESSO 
as follows: 
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Δ𝑛𝑘(𝑇) = −𝑍𝑛𝑘(𝑇)Δ𝑛𝑘(𝑇) −
1
2
∑𝐾𝑛𝑘𝑛′𝑘′(𝑇)
tanh𝛽𝜉𝑛′𝑘′
𝜉𝑛′𝑘′
Δ𝑛′𝑘′  (𝑇), (1) 
where uq is the displacement of an atom with mass M in the phonon mode q,j. Within the 
approach of Gor’kov and Migdal [47, 48], the correction to the electron Green’s function 
𝛴(?⃗? , 𝜔) = 𝐺0
−1(?⃗? , 𝜔) − 𝐺−1(?⃗? , 𝜔) caused by the interaction can be calculated by taking into 
account only the first terms of the expansion of electron-phonon interaction in a series of 
(ωlog/EF). This leads to the integral Eliashberg equations [46] which can be solved by the 
iterative self-consistent method for the real part of the order parameter Δ(T, ω) (superconducting 
gap) and the mass renormalization function Z(T, ω) [49] (see Supporting Information).  
For LaH10 and LaH16,we also estimated Tc and µ∗ by solving the gap equation within the 
density functional theory for superconductors [50, 51] (SCDFT): 
𝛥𝑛𝑘(𝑇) = −𝑍𝑛𝑘(𝑇)𝛥𝑛𝑘(𝑇) −
1
2
∑𝐾𝑛𝑘𝑛′𝑘′(𝑇)
𝑡𝑎𝑛ℎ𝛽𝜉
𝑛′𝑘′
𝜉
𝑛′𝑘′
𝛥𝑛′𝑘′(𝑇)., (2) 
The “order parameter” 𝛥𝑛𝑘(𝑇) does not depend on the frequency ω, but depends on the 
eigenstates of ?̂?𝑒 labeled by the band index n and wave vector k; it is defined in a way different 
from that in the Eliashberg equation and is proportional to the thermal average ⟨𝑐𝑛𝑘↑𝑐𝑛−𝑘↓⟩, with 
𝑐𝑛𝑘𝜎 being the annihilation operator of the spin state nkσ [50]. 𝜉𝑛𝑘 denotes the normal-state 
energy eigenvalue measured from the Fermi level. The interaction effects treated in the 
Eliashberg equation are included with the kernels entering this gap equation; 𝑍𝑛𝑘 = 𝑍𝑛𝑘
𝑝ℎ
; 
𝐾𝑛𝑘𝑛′𝑘′ = 𝐾𝑛𝑘𝑛′𝑘′
𝑝ℎ + 𝐾
𝑛𝑘𝑛′𝑘′
𝑒𝑙 . Here we included the mass-renormalization by the phonon exchange 
with 𝑍𝑛𝑘
𝑝ℎ = 𝑍𝑝ℎ(𝜉𝑛𝑘) (see Eq. (40) in [52] and an improved form of Eq. (24) in [51] to consider 
non-constant electronic density of states), the phonon-mediated electron-electron attraction with 
𝐾𝑛𝑘𝑛′𝑘′
𝑃𝐻 = 𝐾𝑃𝐻(𝜉𝑛𝑘, 𝜉𝑛′𝑘′) (Eq. (23) in [51]), and the screened Coulomb repulsion 𝐾𝑛𝑘𝑛′𝑘′
𝑒𝑙  (Eq. 
(3) in [53]). Unlike the Eliashberg equation, the SCDFT gap equation does not contain the 
frequency ω. Nevertheless, the retardation effect [54] is approximately incorporated [51]. The 
absence of ω enables us to treat all electronic states in a wide energy range of ±30 eV at an 
affordable computational cost, and therefore estimate Tc without the empirical Coulomb 
pseudopotential µ∗. We used this gap equation to estimate Tc as the temperature where its 
nontrivial solution vanishes (see Supporting Information for details).  
 The Sommerfeld constant was calculated using the following formula: 
 
2 22 (0)(1 ),
3
Bk N  = +  (3) 
where λ is the EPC parameter, N(0) – the electronic density of states at the Fermi level, kB – the 
Boltzmann constant. 
Results and Discussion 
I. Stability of La-H phases 
We performed the variable-composition evolutionary searches for stable compounds and 
crystal structures at 50, 100, 150 and 200 GPa. The thermodynamic convex hulls are shown in 
Fig. 1. By construction, stable phases are those that appear on the convex hull. Thus, at 50 GPa 
we found 𝐹𝑚3̅𝑚-LaH, 𝑃𝑛𝑚𝑎-LaH3, Cmc21-LaH7 and Cc-LaH9 to be stable (Fig. 1a). At 
100 GPa, LaH7 and LaH9 disappear from the convex hull, while four new hydrides become 
stable: Cm-LaH2, Cmcm-LaH3, 𝑃1̅-LaH5 and 𝑃 4 𝑛𝑚𝑚⁄ -LaH11 (Fig. 1b). At 150 GPa, the 
chemistry of lanthanum hydrides becomes much richer: 𝑃 6 𝑚𝑚𝑚⁄ -LaH2, 𝐶𝑚𝑐𝑚-LaH3, 
𝐼 4 𝑚𝑚𝑚⁄ -LaH4, 𝑃1̅-LaH5, 𝐹𝑚3̅𝑚-LaH10 and 𝑃 6 𝑚𝑚𝑚⁄ -LaH16 phases become stable (Fig. 1c). 
At 200 GPa, only five stable lanthanum hydrides remain on the convex hull: 𝑃 6 𝑚𝑚𝑚⁄ -LaH2, 
𝐶𝑚𝑚𝑚-La3H10, 𝐼 4 𝑚𝑚𝑚⁄ -LaH4, 𝐹𝑚3̅𝑚-LaH10, and 𝑃 6 𝑚𝑚𝑚⁄ -LaH16. Our results are similar 
to those from [55], the main difference being that we predict the new compounds LaH, La3H10 
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and LaH16 hydrides and also find that LaH10 is stable at pressures higher than 135 GPa (which is 
consistent with the experimental data from [1,2]). Yet, we found 𝐹𝑚3̅𝑚-LaH10 to be more stable 
than 𝑅3̅𝑚-LaH10 at pressure above 150 GPa. The 𝑅3̅𝑚 → 𝐹𝑚3̅𝑚 phase transition occurs at 
128 GPa (Fig. S19 in Supporting Information). Taking into account the zero-point energy 
correction, the pressure of this phase transition shifts to 135 GPa, which is consistent with the 
experimental phase transition pressure of 160 GPa [20]. Below we will discuss the 
superconducting properties of the previously known lanthanum hydrides and explore the crystal 
structure and SC properties of the newly found LaH16. The crystal structure data is summarized 
in Table S1 in Supporting Information. 
Stoichiometry 1:1 is common for various hydrides (e.g., U-H [14], Fe-H [23], and many 
others [56]). 𝐹𝑚3̅𝑚-LaH has a rocksalt-type structure, with La-H distance of 2.26 Å at 50 GPa. 
In the 𝑃𝑛𝑚𝑎-LaH3 structure, La atoms have a 10-fold coordination and H-H distances, which are 
too long to be considered bonding (2.28 Å at 50 GPa). In Cmc21-LaH7, the lanthanum atoms 
have a 13-fold coordination, while the shortest H-H distances (0.81 Å at 50 GPa) are clearly 
bonding and quite close to the H-H bond length in the molecular hydrogen (0.74 Å). 
 
Fig. 1. Convex hull diagrams for the La-H system at a) 50, b) 100, c) 150, and d) 200 GPa. The 
metastable and stable phases are marked by blue squares and black circles, respectively.  
Our results at 150 GPa are consistent with those in Ref. [10]: 𝑃6/𝑚𝑚𝑚-LaH2, 𝐶𝑚𝑐𝑚-LaH3, 
𝐼𝑚𝑚𝑚-LaH4 and 𝑃1̅-LaH5 phases are thermodynamically stable. Previous studies explored only 
simple fixed stoichiometries, whereas USPEX method used here can automatically detect even 
nontrivial stoichiometries, which helped us find a new phase, 𝐶𝑚𝑚𝑚-La3H10, at 200 GPa. This 
phase is structurally related to 𝐶𝑚𝑐𝑚-LaH3, while its lattice parameter c is 3 times larger, and an 
additional hydrogen atom in the tripled unit cell.  
II. Superconductivity of LaH10 phases 
Superconductivity of LaH10 has been confirmed in experiments [1,2]. Our analysis is based on 
calculations of the Eliashberg function α2F(ω) and electronic density of states for 𝑅3̅𝑚- and 
𝐹𝑚3̅𝑚-LaH10 phases. Experimental observations found the maximum TC of ~ 251 K at 
168 GPa [2] or TC ~ 260 K at 180 GPa [1], i.e. close to the 𝑅3̅𝑚 – 𝐹𝑚3̅𝑚 phase transition (but 
in the cubic phase). The value of Coulomb pseudopotential μ* for LaH10 phases determined from 
SCDFT equals to 0.2 at 200 GPa (see Supporting Information).  
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Fig. 2. Crystal structures of a) 𝐶 2 𝑚⁄ -LaH10, b) 𝑅3̅𝑚-LaH10, c) 𝐹𝑚3̅𝑚-LaH10; d) hydrogen H32 
cage common for these phases; e) Eliashberg α2F(ω) function (black curve), phonon density of 
states (orange) and cumulative ωlog (red), EPC coefficient λ (blue), critical transition temperature 
TC (green) of 𝐹𝑚3̅𝑚-LaH10 at 170 GPa. Crystal structures were generated using VESTA 
software [57]; La and hydrogen atoms are shown as large orange and small black balls, 
respectively; blue arrows show displacements of hydrogen atoms in comparison with cubic H8 
cluster. 
For 𝐹𝑚3̅𝑚-LaH10 SCDFT gives a very high EPC coefficient λ = 3.75 and TC = 271 K at 
200 GPa (see Table 1 and Supporting Information for details). At 200 and 250 GPa, the 
calculated volumes (30.4 and 28.5 Å3, respectively) and the electronic density of states 
N(EF) = N(0) = 10.6 and 10.0 states/f.u./Ry allowed us to estimate the Sommerfeld constant 
(Table 1): 0.016 and 0.011 J/mol·K2 at 200 and 250 GPa, i.e. very close to that of 𝐹𝑚3̅𝑚-ThH10 
(0.011 J/mol·K2 [12]) at 100 GPa. These constants were used to calculate critical magnetic field 
(μ0HC(0)) and jump in specific heat (ΔC/TC), see Table 1. For calculation details please see 
Supporting Information.  
The Eliashberg function for cubic 𝐹𝑚3̅𝑚-LaH10 at 200 GPa is shown in Fig. 2e (see 
Supporting Information for other pressure values and phases). At an experimental pressure of 
170 GPa, the TC of cubic LaH10, calculated by the numerical solution of Eliashberg equation, is 
259 K (Table 1), which is in good agreement with the theoretical results [10] and 
experiments [1,2]. 
The calculated critical temperature for 𝑅3̅𝑚-LaH10 is 203 K at 150 GPa (Table 1), which is 
much lower than for 𝐹𝑚3̅𝑚 modification. Thus, 𝑅3̅𝑚-LaH10 can explain the experimental 
results by Drozdov et al. [1]. 
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Table 1. Parameters of the superconducting state of 𝐹𝑚3̅𝑚-LaH10 and 𝑅3̅𝑚-LaH10 from the 
Eliashberg equation (with μ* = 0.2).  
Parameters 
𝐹𝑚3̅𝑚-LaH10 𝑅3̅𝑚-LaH10 
170 GPa 200 GPa 210 GPa 250 GPa 150 GPa 165 GPa 
Nf, states/f.u./Ry 11.2 10.6 10.3 10.0 12.2 11.0 
λ 3.94 3.75 3.42 2.29 2.77 2.63 
ωlog, K 801 906 851 1253 833 840 
TC, K 259 271* 249 246 203 197 
Δ(0), meV 62.0 63.7 59.6 48.0 48.5 43.7 
μ0HC(0), T ** 89.0 95.0 81.0 66.7 72.7 71.0 
ΔC/TC, 
mJ/mol·K2 
31.5 44.7 34.5 33.4 42.8 25.7 
γ, J/mol·K2 0.019 0.016 0.015 0.011 0.018 0.018 
RΔ = 2Δ(0)/kBTC 5.54 5.46 5.55 5.00 5.55 5.54 
*SCDFT, see Supporting Information. 
** Experimentally measured critical magnetic field is 95-136 T [1] 
 
The isotopic coefficient β calculated by the A-D formula (see Supporting Information) is 0.48 
(using µ* = 0.2 for A-D equation) for 𝐹𝑚3̅𝑚-LaH10 at 200 GPa, the value for 𝑅3̅𝑚-LaH10 is the 
same. Using the isotopic coefficient β, we can determine the critical temperature of lanthanum 
decadeuteride (𝐹𝑚3̅𝑚-LaD10) as TD = 2-β·TH = 181 K, and 154 K for 𝑅3̅𝑚-LaD10. 
Experimentally measured TC for 𝐹𝑚3̅𝑚-LaD10 is 168 K [1], which agrees with our prediction. 
III. Prediction of high-TC LaH16 
Perhaps the most intriguing finding of our work is that besides the hydrogen-rich LaH10 
phases we also predicted 𝑃6/𝑚𝑚𝑚-LaH16 to be thermodynamically stable at pressures above 
150 GPa (Fig. 1с). This phase has a different crystal structure from the previously predicted 
AcH16 [13]. The lanthanum atoms form an hcp sublattice and are coordinated by 12 hydrogen 
atoms (Fig. 3a). These H-units consist of three parallel layers of hydrogen atoms. The distances 
between the hydrogen atoms in the first, second and third layers at 150 GPa are 1.07, 1.02 and 
1.07 Å, respectively. The distance between the closest hydrogen atoms from different layers is 
1.25 Å, so these layers form 2D infinite networks. The crystal structures of all predicted phases 
are summarized in Table S1 (see Supporting Information). 
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Fig. 3. a) Crystal structure of 𝑃 6 𝑚𝑚𝑚⁄ -LaH16 at 150 GPa; b) band structure and DOS of LaH16 
(La — red, H — blue) at 250 GPa; c) Eliashberg function α2F(ω) (black), cumulative ωlog (red), 
and EPC coefficient λ (blue) of P6/mmm-LaH16 at 200 GPa. 
𝑃 6 𝑚𝑚𝑚⁄ -LaH16 shows very little dependence of the electronic density of states on the 
pressure at 200-300 GPa. The computed Eliashberg function of 𝑃 6 𝑚𝑚𝑚⁄ -LaH16 at 200 GPa is 
shown in Fig. 3c (see Supporting Information for other pressure values). The EPC coefficient of 
LaH16 (Table 2) is approximately two times lower than that of LaH10. SCDFT calculations show 
that TC of LaH16 is 156 K at 200 GPa. This TC value leads to the anomalously large μ* = 0.41 for 
LaH16 compared to the commonly accepted interval (0.1-0.15). This abnormal value of μ* 
(LaH16) is caused by the complex behavior of DOS(E) in the vicinity of EF ± 1 eV (see 
Supporting Information). Thus, we used μ* = 0.41 in the numerical solution of the Eliashberg 
equation and calculated the superconducting properties of 𝑃 6 𝑚𝑚𝑚⁄ -LaH16 (Table 2). TC of this 
phase shows weak pressure dependence (dTC/dP = -0.3 K/GPa).  
 
Table 2. Parameters of the superconducting state of 𝑃 6 𝑚𝑚𝑚⁄ -LaH16 at 200-300 GPa 
calculated using the Eliashberg equation at μ* = 0.41. Here γ is the Sommerfeld constant 
(calculated using eq. (3)). 
Parameter 200 GPa 250 GPa 300 GPa 
Nf, states/f.u./Ry 7.21 6.94 7.07 
λ 1.82 1.63 1.44 
ωlog, K 1362 1511 1675 
TC, K 156 141 118 
Δ(0), meV 29.6 25.7 20.2 
μ0HC(0), T 35.0 29.9 23.6 
ΔC/TC, mJ/mol·K2 18.6 15.1 12.4 
γ, mJ/mol·K2 7.3 6.5 6.1 
RΔ = 2Δ(0)/kBTC 4.5 4.2 4.0 
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IV. Superconductivity of lanthanum hydrides LaHm (m = 4-9, 11) 
As it was shown before, different lanthanum hydrides can undergo a series of 
superconducting transitions at different pressures with different TC [1], so we checked other 
lanthanum hydrides. In this work we found a number of LaHm phases (m = 4...9, 11) at different 
pressures, and it was very computationally expensive to calculate their TC using the SCDFT 
method. In this case we calculated TC of LaHm phases (m = 4...9, 11) using the Allen-Dynes (A-
D) formula [58, 59] in the pressure range of 150-180 GPa, which is the experimentally studied 
pressure region [2], using the commonly accepted μ* values (0.1-0.15). The calculated TC values 
are shown in Fig. 4, and one can see that: (1) LaH4, LaH6 and LaH7 could explain the 
experimentally observed transition at ~ 215 K with the critical magnetic field μ0HC(0) = 60-70 T; 
(2) LaH5, LaH8, LaH11 could explain the experimentally observed transition at ~ 112 K with the 
critical magnetic field μ0HC(0) = 20-25 T. More details about the calculation of TC in these 
phases can be found in Supporting Information.  
 
 
Fig. 4. Superconducting temperatures TC (obtained with the A-D formula using µ* = 0.1) and 
critical magnetic fields for a series of lanthanum hydrides at 150 and 180 GPa. 
Conclusions 
Using the ab initio evolutionary algorithm USPEX, we predicted stable superconducting 
compounds in the La-H system at 50, 100, 150 and 200 GPa, including the previously unknown 
polyhydride 𝑃 6 𝑚𝑚𝑚⁄ -LaH16. The electronic, phonon, and superconducting properties of LaHm 
with m = 4-11 were studied within the harmonic approximation, which gives possible 
explanations of the observed superconducting transitions at 70, 112, and 215 K [1]. The SCDFT 
calculations for LaH10 and LaH16 led to unusually high values of μ* (0.2-0.41), lying far outside 
the conventionally accepted interval, 0.1-0.15. The calculated Eliashberg function for 𝐹𝑚3̅𝑚-
LaH10 at 170 GPa gives TC = 259 K, according to the numerical solution of the Eliashberg 
equation (μ* = 0.2). The critical magnetic field of 𝐹𝑚3̅𝑚-LaH10 was found to be 89-95 T (73 T 
for the 𝑅3̅𝑚 phase), the harmonic isotope coefficient β = 0.48. The values of all the 
superconducting parameters for lanthanum hydrides are in good agreement with the available 
experimental data [1]. We found that 𝑃 6 𝑚𝑚𝑚⁄ -LaH16 is a high-temperature superconductor 
with TC of up to 156 K, the critical magnetic field of ~35 T and superconducting gap of 30 meV 
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at 200 GPa. The main conclusion of this comprehensive investigation is that even in one system 
the µ* value may significantly vary and go beyond the commonly accepted interval, 0.1-0.15, 
which gives a special importance to the SCDFT calculations. 
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Crystal data of La-H phases  
Table S1. Crystal structures of predicted La-H phases.  
Phase 
Pressure, 
GPa 
Lattice 
parameters 
Coordinates 
𝐹𝑚3̅𝑚-LaH 50 a = 4.53 Å 
La 0.5 0.5 0.5 
H 0.0 0.0 0.0 
𝑃𝑛𝑚𝑎-LaH3 50 
a = 7.20 Å, 
b = 4.57 Å, 
c = 3.67 Å 
La -0.365 0.25 -0.320 
H 0.394 -0.001 -0.171 
H 0.356 0.25 0.332 
𝐶𝑚𝑐21-LaH7 50 
a = 7.20 Å, 
b = 4.57 Å, 
c = 3.67 Å 
La 0.0 -0.159 -0.452 
H 0.0 0.466 0.408 
H 0.0 0.245 -0.300 
H 0.0 -0.365 0.241 
H 0.0 0.174 0.420 
H 0.25 0.417 0.237 
H 0.0 -0.497 -0.465 
𝑃6/𝑚𝑚𝑚-LaH2 150 
a = 2.80 Å, 
c = 2.72 Å 
La 0.0 0.0 0.0 
H 0.333 0.667 0.5 
𝐶𝑚𝑐𝑚-LaH3 150 
a = 2.76 Å, 
b = 10.69 Å, 
c = 2.80 Å 
La 0.0 0.118 0.25 
H 0.0 0.467 0.25 
H 0.0 0.313 0.25 
H 0.0 -0.25 0.25 
𝐶𝑚𝑚𝑚-La3H10 150 
a = 16.70 Å, b = 2.77 
Å, c = 2.75 Å 
La -0.326 0.0 0.5 
La 0.0 0.0 0.0 
H -0.089 0.0 0.5 
H 0.128 0.0 0.0 
H -0.228 0.0 0.0 
H -0.449 0.0 0.5 
H 0.411 0.0 0.0 
𝐼4/𝑚𝑚𝑚-LaH4 150 
a = 2.74 Å,  
c = 6.03 Å 
La 0.0 0.0 0.5 
H 0.0 0.5 0.25 
H 0.0 0.0 -0.153 
𝑃1̅-LaH5 150 
a = 2.91Å,  
b = 5.26 Å,  
c = 3.47 Å, 
 = 93.34, 
 = 110.24, 
 = 98.71 
La -0.327 -0.266 -0.273 
H 0.263 0.036 -0.255 
H 0.073 0.431 -0.280 
H -0.067 0.122 -0.349 
H -0.304 0.375 -0.108 
H -0.376 0.112 -0.151 
𝑅3̅𝑚-LaH10 150 
a = 3.66 Å,  
c = 8.53 Å 
La 0.0 0.0 0.5 
H 0.0 0.0 0.097 
H -0.168 0.168 0.276 
H 0.0 0.0 -0.259 
𝐹𝑚3̅𝑚-LaH10 150 a = 5.08 Å  
La 0.0 0.0 0.0 
H -0.378 -0.378 -0.378 
H 0.25 0.25 0.25 
𝑃6/𝑚𝑚𝑚-LaH16 150 
a = 3.68 Å, 
c = 3.70 Å  
La 0.0 0.0 0.0 
H -0.276 0.0 0.5 
H 0.5 0.0 0.245 
H 0.333 0.667 -0.203 
 
 
Equations for calculating TC and related parameters 
The superconducting transition temperature was calculated by solving the gap equation 
derived from the density functional theory for superconductors (SCDFT) [1,2], where no 
empirical parameter such as μ* was used. The nk-averaged formula for 𝐾ph [Eq.(23) in Ref. [2]] 
and 𝑍ph [Eq.(40) in Ref. [3]] were employed to use the calculated α2F(ω). The nk-dependent 
14 
 
formula for 𝐾ph [Eq.(3) in Ref. [4]] was used, which includes the dynamical as well as static 
screening effect on the Coulomb repulsion. The dielectric matrices ε(iω) were represented with 
the auxiliary plane-wave energy cutoff of 12.8 Ry and were calculated within the random-phase 
approximation [5] and electron-electron Coulomb matrix elements were evaluated as 
 (S1) 
where V is being the bare Coulomb interaction. Low-energy Kohn-Sham states were accurately 
treated with the weighted random sampling scheme in solving the gap equation, as described in 
Ref. [2]. The Kohn-Sham energy eigenvalues and matrix elements for the sampled states were 
evaluated by the linear interpolation from the data on equal meshes. The detailed conditions are 
summarized in Table S2. 
Table S2. Summary of the detailed conditions for the Tc calculation with the SCDFT scheme. 
Class Parameter LaH10 200GPa LaH16 200GPa 
charge density k 16x16x16 equal mesh 16x16x16 equal mesh 
interpolation 1st order Hermite Gaussian  [5] with width 0.050Ry 
dielectric matrix k for bands crossing EF 15x15x15 equal mesh 15x15x15 equal mesh 
k for other bands 5x5x5 equal mesh 5x5x5 equal mesh 
number of unoccupied bands a 57 75 
interpolation Tetrahedron with the Rath-Freeman treatment [6] 
DOS for 
phononic kernels 
k 21x21x21 equal mesh 21x21x21 equal mesh 
interpolation Tetrahedron with the Blöchl correction [7] 
SCDFT gap 
function 
number of unoccupied bands b 24 36 
k for the electronic kernel 5x5x5 equal mesh 5x5x5 equal mesh 
k for the KS energies 21x21x21 equal mesh 21x21x21 equal mesh 
Sampling points for bands 
crossing EF 
6000 6000 
Sampling points for the other 
bands 
200 200 
Sampling error in Tc (%) ~2.6 ~1.9 
SC parameters Critical temperature (TC) 271 156 
Coloumb pseudopotential μ* (E) 
μ* (Allen-Dynes) 
0.20 
0.11 
0.41 
0.198 
a States up to EF+70eV are taken into account. 
b States up to EF+40eV are taken into account. 
Isotopic coefficient βAD was calculated using the Allen-Dynes interpolation formulas: 
 (S2) 
 
 (S3) 
where the last two correction terms are usually small (~0.01).  
The critical temperature of superconducting transition was calculated using Matsubara-type 
linearized Eliashberg equations: [8] 
 (S4) 
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, 
(S6) 
where T is temperature in Kelvins, μ* is Coloumb pseudopotential, ω is frequency in Hz, ρ(T) is 
a pair-breaking parameter, function 𝜆(𝜔𝑖 − 𝜔𝑗) relates to effective electron-electron interaction 
via exchange of phonons.  [9] Transition temperature can be found as a solution of equation 
ρ(TC) = 0 where ρ(T) is defined as max(ρ) providing that Δ(ω) is not a zero function of ω at fixed 
temperature.  
These equations can be rewritten in a matrix form as  [10] 
, (S7) 
where ψn relates to Δ(ω, T), and  
 
, 
(S8) 
 
(S9) 
where δnn = 1 and δnm = 0 (n ≠ m) – is a unit matrix. Now one can replace criterion of ρ(TC) = 0 
by the vanishing of the maximum eigenvalue of the matrix 
Knm:{ρ = max_eigenvalue(Knm) = f(T), f(TC) = 0}.  
We have implemented this simple approach, proposed by Philip Allen in 1974, as Matlab 
functions, shown at the last page of Supporting Information, which read files with α2F functions 
and carry out the calculations of TC.  
Exact calculations for P6/mmm-LaH16 at 250 GPa were also made using the Eliashberg 
equations in the following form (on the imaginary axis) [8]: 
 
 
 
(S10) 
 
 
 
 
(S11) 
where: ϕn is the order parameter function, Zn is the wave function renormalization factor, θ(x) is 
Heaviside function, ℏωn = π·kBT·(2n-1) is the n-th Matsubara frequency, β = 1/kBT, μ* is 
Coulomb pseudopotential, ωc is the cut-off energy (ωc = 3Ωmax, Ωmax is the maximum frequency 
in α2F(ω)). The electron-phonon pairing kernel is defined as: 
. (S12) 
The Eliashberg equations were solved for 2201 Matsubara frequencies, starting from 
T0 = 10 K (below this temperature, the solutions are not stable). The methods discussed in the 
papers  [11–13] were used during the calculations. 
The full form of the order parameter and the wave function renormalization factor on the real 
axis was obtained through analytical extension of the Eliashberg equations solutions from the 
imaginary axis, using the formula: 
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, (S13) 
where X {∆; Z}, r = 50. The values of pj and qj parameters were selected in accordance with the 
principles presented in work  [14]. Obtained results allow one to calculate dimensionless 
parameter RC (relative jump of the specific heat), using the formula below: 
 (S14) 
Because of strong-coupling and retardation effects in LaH10 and LaH16, parameter RC differs 
significantly from BCS theory prediction, in which the constant value is equal to 1.43. [15]  
 
Fig. S1. The wave function renormalization factor for P6/mmm-LaH16 at 250 GPa on the 
imaginary axis for the selected values of temperature (the first 100 values).  
 
Fig. S2. The order parameter (in meV) for P6/mmm-LaH16 at 250 GPa on the imaginary axis for 
the selected values of temperature (the first 100 values) and Coloumb pseudopotential. 
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Fig. S3. The order parameter Δ(ω) in meV for P6/mmm-LaH16 at 250 GPa on the real axis for the 
selected values of temperature (µ∗ = 0.1). In addition, the Eliashberg function (grey) was added 
as the background (multiplied by 50 for easier comparison). 
 
Fig. S4. a) The dependence of the thermodynamic critical field on the temperature (in meV, solid 
circles) and free energy difference between the superconducting state and the normal state as a 
function of the temperature (in meV2, open circles); b) The specific heat of the superconducting 
state (CS) and the normal state (CN) as a function of temperature. Here ρ(0) is the density of 
states at the Fermi level.  
Table S3. Parameters of superconductive state of 𝑃6/𝑚𝑚𝑚-LaH16 at 250 GPa calculated by the 
Eliashberg equations at different μ* 
Parameter 
𝑃6/𝑚𝑚𝑚-LaH16 (250 GPa) 
μ*=0.1 μ*=0.15 μ*=0.36 
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TC, K 241 213 135 
Δ(0), meV 46.4 40.1 23.9 
μ0HC(0), T 52.3 45.8 28.4 
ΔC/TC, mJ/mol·K
2 17.3 17.2 15.4 
γ, mJ/mol·K2 6.3 6.3 6.3 
RΔ = 2Δ(0)/kBTC 4.47 4.38 4.09 
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Calculation of critical magnetic field for LaH10 phases  
Further study of superconductivity in 𝐹𝑚3̅𝑚-LaH10 implies investigation of the behavior of 
samples in the magnetic field. Using semi-empirical formulas of BCS theory (see Ref. [16], eq. 
5.11 and 5.9):  
 (S15) 
and 
, (S16) 
we estimated the critical magnetic field and the jump in specific heat for 𝐹𝑚3̅𝑚-LaH10 in 
harmonic approximation (see Table 2). The superconducting gap was estimated by well-known 
semi-empirical equation, working satisfactorily for TC/ωlog < 0.25 (see equation 4.1 in Ref. [16]): 
  
(S17) 
Estimation of the critical magnetic field for 𝐹𝑚3̅𝑚-LaH10 gives μ0HC(0) ~ 89-95 T at 170-
200 GPa, which is greater than 70 T for H3S [17] and agrees with lower bound of recent 
experimental results of 95-136 T [18]. 
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Superconductivity of lanthanum hydrides LaHm (m = 4-9, 11)  
According to Ref. [18], pure LaH3 is not a superconductor at all investigated pressures (0-
200 GPa), but higher hydrides of La are metallic and superconducting. As it was shown earlier 
for LaH10 by SCDFT calculations, μ* for A-D equation is 0.2, which is higher than the 
commonly accepted interval (0.1-0.15). Superconducting properties of all predicted hydrides 
were computed by Allen-Dynes (A-D) formula [19,16] at the pressure range 150-180 GPa, 
which is the experimentally studied pressure region [18].  
Surprisingly, 𝐼4/𝑚𝑚𝑚-LaH4 demonstrates very strong electron-phonon coupling (see Table 
S4). At 150 GPa the TC(A-D) is found to be 206 K and it decreases to 186 K at 180 GPa with 
dTC/dP ≈ -0.67 K/GPa. Thus, 𝐼4/𝑚𝑚𝑚-LaH4 could explain superconducting transition with 
TC = 215 K observed in Ref. [18].  
𝑃1̅-LaH5 is stable at pressures above 150 GPa (Fig. 1c) and has TC of 104-130 K at 150 GPa 
(see Table S4), almost insensitive to pressure (dTC/dP ≈ -0.033 K/GPa). This could explain the 
superconducting transition observed at ТС ~ 112 K [18].  
𝑅3̅𝑚-LaH6 is metastable, but at 150 GPa it is very close to the convex hull (only 6 meV/atom 
above it, see Fig. 1c). Its electronic density of states is approximately pressure-independent, and 
its TC increases with pressure (dTC/dP ≈ +0.73 K/GPa), because of the increase of the 
characteristic phonon frequency with pressure. According to our calculations, TC of this phase 
can reach 211 K at 180 GPa (see Table S4).  
Table S4. Predicted superconducting properties of slightly metastable and stable lanthanum 
hydrides. μ* was taken as 0.1 (0.15).  
Phase P, GPa λ 
Nf, 
states/f.u./Ry 
ωlog, K 
TC 
(A-D), K 
μ0HC(0), T 
I4/mmm-LaH4
 b) 
150 2.6 8.43 936 206 (179) 59 (52) 
180 1.6 7.62 1351 186 (157) 42(35) 
𝑃1̅-LaH5 b) 
150 1.21 
5.57 a) 
1307 130 (104) 
22 (17) 
180 1.15 1389 129 (102) 
𝑅3̅𝑚-LaH6 
150 2.89 
9.04 a) 
765 189 (163) 58 (51) 
180 2.60 956 211 (183) 63 (55) 
C2/m-LaH7 
150 2.94 7.21 894 223 (193) 61 (54) 
180 1.92 7.55 1102 185 (158) 45 (38) 
C2/m-LaH8 
c) 
150 1.56 
6.32 a) 
944 128 (107) 
26 (21) 
180 1.53 950 127 (106) 
P63/mmc-LaH9 
150 2.75 
11.6 a) 
702 166 (144) 57 (50) 
180 2.98 708 180 (156) 62 (55) 
𝐹4̅3𝑚-LaH9 150 2.92 7.72 802 199 (172) 56 (49) 
P4/nmm-LaH11 150 1.54 3.94 986 133 (111) 21 (17) 
a) no changes with pressure; b) stable phase; c) from Ref. [20]. 
 
C2/m-LaH7 is also metastable (17 meV/atom above the convex hull at 150 GPa, Fig. 1c) and 
displays TC up to 223 K (with dTC/dP ≈ -1.26 K/GPa), see Table 3. This phase may be 
responsible for observed transition at ~ 215 K [18]. Metastable C2/m-LaH8, proposed in 
Ref. [20], has TC = 106-127 K (Table S4), which is almost insensitive to pressure.  
For metastable LaH9 we considered two polymorphs: isostructural to recently found 
P63/mmc-CeH9 [21] and 𝐹4̅3𝑚-UH9 [22]. We predict TC = 144-166 K (150 GPa, Table S4) for 
hexagonal modification with dTC/dP = +0.46 K/GPa. Obtained value is higher than that for 
CeH9 [21,23]. For cubic LaH9 TC is higher: up to 199 K at 150 GPa (Table S4). Metastable 
P4/nmm-LaH11 at 150-180 GPa shows relatively low TC = 111-133 K (due to low density of 
states at Fermi level). 
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Electronic and phonon properties of La-H phases  
 
Fig. S5. Phonon density of states (DOS) of P6/mmm-LaH16 phase at 150, 170 and 200 GPa. 
 
Fig. S6. Phonon density of states (smoothed) of 𝐹𝑚3̅𝑚-LaH10 at 150 GPa. 
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Fig. S7. Phonon density of states (smoothed) of 𝑅3̅𝑚-LaH10 at 100, 150 and 200 GPa. 
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Fig. S8. Electronic density of states of 𝐹𝑚3̅𝑚-LaH10 at 200 GPa. 
 
Fig. S9. Electronic density of states of 𝑅3̅𝑚-LaH10 at 165 GPa.  
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Fig. S10. Electronic density of states around the Fermi level in 𝐹𝑚3̅𝑚-LaH10 and P6/mmm-
LaH16 at 200 GPa. 
 
Fig. S11. Electronic density of states of 𝐶𝑚𝑐𝑚-LaH3 at 150 GPa. 
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Fig. S12. Electronic density of states of 𝐶𝑚𝑚𝑚-La3H10 at 150 GPa. 
 
Fig. S13. Electronic density of states of 𝐼4/𝑚𝑚𝑚-LaH4 and 𝑃1̅-LaH5 at 150 GPa. 
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Eliashberg spectral functions 
 
Fig. S14. Eliashberg function α2F(ω) (black), ωlog (red), EPC coefficient λ (blue), critical 
transition temperature TC (green) of P6/mmm-LaH16 at 250 GPa.  
 
Fig. S15. Eliashberg function α2F(ω) (black), ωlog (red), EPC coefficient λ (blue), critical 
transition temperature TC (green) of P6/mmm-LaH16 at 300 GPa. 
 
Fig. S16. Eliashberg function α2F(ω) (black), ωlog (red), EPC coefficient λ (blue), critical 
transition temperature TC (green) of 𝑅3̅𝑚-LaH10 at 150 GPa. 
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Fig. S17. Eliashberg α2F(ω) function (black curve), and cumulative ωlog (red), EPC coefficient λ 
(blue), critical transition temperature TC (green) of 𝐹𝑚3̅𝑚-LaH10 at 200 GPa. 
 
Fig. S18. Eliashberg functions α2F(ω) of 𝑅3̅𝑚-LaH10 at 150 GPa (blue) and 𝐹𝑚3̅𝑚-LaH10 at 
200 GPa (yellow). 
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Fig. S19. Dependence of EPC coefficient and ωlog on pressure for LaH16. 
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Stability of LaH10 polymorphs 
 
Fig. S20. Enthalpy difference between 𝐹𝑚3̅𝑚-LaH10 and 𝑅3̅𝑚-LaH10. Undoubtedly, the 
transition 𝐹𝑚3̅𝑚 → 𝑅3̅𝑚 plays an important role in the measured record superconductivity of 
LaH10. Such structural transitions accompany superconductivity in H3S (𝐶2/𝑐 → 𝑅3̅𝑚 →
𝐼𝑚3̅𝑚) [24], in Nb3Al, V3Ga [25] and in other well-known superconductors.  
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Matlab functions for TC calculation using Allen’s algorithm from Ref. 10 
function Solve_Elisahberg(Ef, Tf, mu, filename) 
% filename is the name of file with a2F function 
N = 24;    % dimension of the matrix Knm 
mu = 0.1;          % Coulomb pseudopotential, μ* 
T0 = 1;     % initial temperature 
Tf = 300;           % final temperature 
Th = 1;            % temperature step 
h = 6.626070e-34;   % Planck constant 
k = 1.380e-23;   % Boltzmann constant 
 
t = T0:Th:Tf;   % Temperature interval 
%%% Read a2F function from file 
a2F = load(filename); 
wmax = max (a2F(:,1));   % max frequency in Ry  
wmin = min (a2F(:,1));   % min frequency in Ry 
l = length(a2F);    % length of a2F 
H = (wmax - wmin)/l;   % Ry units  
 
a2F(:,1) = a2F(:,1)* 13.6057 * 2.417e+14;   % convert Ry to Hz  
%%%% a2F(:,1) = a2F(:,1)* 1.0e+12;              % convert THz to Hz 
 
T=1; 
for j = 1:length(t)    % Loop for temperature T=j 
T=t(j); 
    for y = 1:N+1                   % sum-function S(x), here we turn to the 
function L(z,T) and calculate all the partial sums 
        S1=0; 
        for z=1:y 
            S1 = S1+L(z,T,filename); 
        end 
        S(y)=S1; 
    end 
     
    D=0; 
    for n=1:N+1               % calculation of Kmn matrix in two cycles 
        for m=1:N+1 
            if n==m 
                if m==1 
                    D = 2*(m-1)+1+L(0,T); 
                else 
                    D=2*(m-1)+1+L(0,T)+2*S(m-1); 
                end 
            else 
                D=0; 
            end 
            K(m,n)=L(m-n,T)+L(m+n-1,T)-2*mu-D; 
        end 
    end 
    [A,B]=eig(K);    %calculation of eigenvalues 
    B_max(j) = max(max(B));   % maximum eigenvalue 
    disp(t(j)); 
end 
B_max = B_max'; 
plot([T0:Th:Tf],B_max(:,1),'r'); % graph crosses zero at the T = Tc 
hold on 
 
 
function [L] = L(R,T,filename) % Function for electron-electron 
interaction 
% filename is the name of file with a2F function 
N = 24;      % dimension of the matrix Knm 
h = 6.626070e-34;    % Planck constant 
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k = 1.380e-23;    % Boltzmann constant 
 
%%%Read a2F function from file 
a2F = load(filename); 
l = length(a2F);      % length of a2F 
a2F(:,1) = a2F(:,1)* 13.6057 * 2.417e+14;      % convert Ry to Hz 
%%%a2F(:,1) = a2F(:,1)* 1.0e+12;   % convert THz to Hz 
 
Int = 0; 
for xx=1:l-1 
Int = Int + (a2F(xx+1,1)-a2F(xx,1))*2*a2F(xx,2)*(h^2)*… 
a2F(xx,1)/((h*a2F(xx,1))^2 + (6.283*(R)*k*T)^2); 
end 
L=Int; 
 
% It should be noted that the lines a2F = load(filename) in L.m function and 
in the main script must be changed simultaneously.   
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